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Oh! 

r-| , We propose that the euchdean bilocal coUective field theory of critical large-N vector 

models provides a complete definition of the proposed dual theory of higher spin fields in 
^ \ anti de-Sitter spaces. We show how this bilocal field can be decomposed into an infinite 
^ number of even spin fields in one more dimension. The collective field has a nontriv- 

ial classical solution which leads to a 0{N) thermodynamic entropy characteristic of the 
lower dimensional theory, as required by general considerations of holography. A subtle 
cancellation of the entropy coming from the bulk fields in one higher dimension with 0(1) 
contributions from the classical solution ensures that the subleading terms in thermody- 
namic quantities are of the expected form. While the spin components of the collective 
field transform properly under dilatational, translational and rotational isometries of AdS, 
special conformal transformations mix fields of different spins indicating a need for a non- 
local map between the two sets of fields. We discuss the nature of the propagating degrees 
of freedom through a hamiltonian form of collective field theory and argue that nonsinglet 
states which are present in an euclidean version are related to nontrivial backgrounds. 



1. Introduction and summary 

It has been known for a long time tliat tlieories of N x N matrices, e.g. gauge theories, 
become string theories at large A^, with playing the role of string coupling constant [|l|] . 
A new element of this correspondence was learnt in the early 90's, viz. the string theory 
lives in a higher dimensional space. An early example is the quantum mechanics of a single 
hermitian matrix Mij [t) - the c = 1 matrix model. In this case the string theory is in 1 + 1 
dimensions, whose only dynamical field is a massless scalar. This scalar is related to the 
density of eigenvalues 4>{x,t) of the matrix, so that the space of eigenvalues x provides the 
extra coordinate . The hamiltonian for this collective field can be written down following 
0. The classical value of (f>{x,t) corresponds to the linear dilaton background of string 
theory while the fluctuations are related to the massless scalar 0. Thus the singlet sector of 
the model contains the propagating degrees of freedom of the two dimensional string theory. 
This is, in a sense, holography However, the singlet sector thermodynamic entropy of 
the collective field theory is rather than 0{N'^) and is that of a 1 + 1 dimensional 

theory rather than that of a + 1 dimensional theory . This is different from what one 
expects from the holographic principle ^j. In fact the contribution of non-singlet states 
should be significant in the thermodynamic partition function at high temperatiires which 
is precisely the regime where a + 1 dimensional behavior with entropy proportional to 
A^^ is expected. Such non-singlet states are, however, not part of the perturbative string 
theory spectrum. 

The most concrete example of holography is of course the AdS/CFT correspondence 
0. Here, the high temperature thermodynamics is dominated by AdS black holes |||]. 
For AdSd+i with length scale R, and a. d-\- 1-dimensional Newton constant G, the entropy 
of a black hole Sbuik is related to the temperature T by the relation 



On the other hand, the conformal field theory on the boundary at the same temperature 
should have an entropy Sboundary given by 



Sbulk G {T R ) 
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^ The detailed relationship between (f){x, t) and the scalar which couples simply to the world- 
sheet is, however, rather complicated [Q] 



where Nf is the number of degrees of freedom. These two expressions agree if 

- a relation which is satisfied for all known examples of AdS/CFT. 

There are black holes in 1 + 1 dimensional string theory as well P]. However despite 
considerable effort Jl^, such black holes are not fully understood in the matrix model, 
though there has been significant recent progress fill]. The above discussion shows that 



these black holes are intimately related to non-singlet states, along the lines of ||Tl|]. In 



the AdS/CFT examples all the physical states are singlets in any case, which may be the 
reason why the thermodynamics is reproduced faithfully. 

In models with matrices, there are an exponentially growing number of single trace 
singlet operators, which is one reason why they represent string theories. In this paper we 
will consider models with fields in the vector representation of groups like 0{N) or U{N). 
These models are known to be solvable in the large- limit The singlet operators 

can involve products of pairs of fields and therefore there are no exponentially growing 
number of "single particle" states. Indeed, the Feynman diagrams are made of bubbles 
and resemble branched polymers rather than string worldsheets. 



In a recent work, Klebanov and Polyakov have proposed that critical vector models 
are dual to certain higher spin gauge theories fl^ fl^ defined on AdS spaces. Such higher 
spin fields include gravity, but are not string theories. (Higher spin gauge theory with 
N = 8 supersymmetry in AdS^ is, however, related to free N = 4 Yang-Mills theory and 
hence to a' ^ oo limit of IIB string theory |jT^ (H^l)- "^^^ complete set of interaction in 
these theories is still not known. 

Of particular interest is the critical three (euclidean) dimensional 0{N) vector model 

s = I d'xm) ■ {d$) + ^{$- $f] (1-4) 

This has two fixed points. In terms of a running coupling A(/c) these are at A(/c) = and 



A(/c) = 4/c. According to the proposal of [13], the three dimensional conformal field theories 
at these fixed point are dual to a theory of higher spin fields with one field for each even 
spin defined on AdS 4^ in two different senses. The correspondence of bulk and boundary 
quantities for the theory at the nontrivial fixed point is standard, with the generating 
functional for correlators of singlet operators being equal to the effective action in the 
bulk with the boundary values of the fields set equal to the currents . For the theory 



at the gaussian fixed point the correspondence proceeds via a legendre transform of the 
generating functional as in 

In this paper we show that standard methods of collective field theory can be used to 
start with a vector model in euclidean space and construct a theory of even spins in one 
higher dimension. The main ingredient is the fact that all singlet correlations of the model 
may be expressed in terms of a bifocal field cr(x, y) [jl^ , pO[| 



y) = ■ $iy) (1-5) 

The higher dimensional space is made out of the center of mass coordinate 

u^^{x + y) (1.6) 

and the magnitude r of the relative coordinate 

V = -{x — y) = V ■ V (1-7) 

A spherical harmonic decomposition in the angles of the coordinate v then yields a col- 
lection of higher spin fields in one higher dimension. The symmetry of the collective field 
a{x^y) under interchanges of x and y implies that these spins are zero or even integers. 
While this construction works for any number of dimensions and for generic values of the 
coupling, things become more interesting when the theory is conformally invariant. By ex- 
amining the transformation properties of the field a(x, y) under conformal transformations 
we find that the various spin components of a(M, v) transform as tensors under translation, 
rotation and dilatation isometries of (euclidean) AdS space, where r is a coordinate in the 
following form of the AdS metric : 

ds^ = Xi\dr^ + du ■ du\ (1.8) 

However these components do not transform properly under special conformal isometries. 
We suspect that this indicates that these modes are related to the standard fields in AdS 
by a field redefiniton which is possibly nonlocal. This is similar to the fact that in the 
c = 1 matrix model the collective field is not really the field which follows from a worldsheet 
formulation of the dual string theory. Our considerations may be easily extended to vector 
models with other symmetries, in which case one would get even spins as well. 



From the point of view of the vector model, the bilocal coUective field represents a 
collection of local composite operators. This may be seen by performing a Taylor expansion 
in the coordinate v so that one has 

a(f, y) = ${x)${x) + [${x)d,dj${x) - {d,${x)){dj${x))]v'v^ + ■■■ (1.9) 

The coefficients of powers of v in this expansion are related, but not identical, to the infinite 
set of conserved currents of the free theory which are conjectured to be the operators 
dual to the higher spin fields. The nontrivial relationship between these currents and the 
coefficients in the expansion ( |1.9| ) is another indication of the fact that the relationship 
between a and the higher spin fields is nonlocal. Nevertheless, since these currents are all 
contained in the bilocal field one can construct bulk fields in AdS by folding in with the 
appropriate bulk-boundary Green's function as in |T^. 

In this paper we construct the euclidean collective field theory with special attention 
to subleading effects in As is well known, the collective field has a nontrivial classical 
solution. In our interpretation this provides the four dimensional "spacetime" on which the 
physical excitations propagate. By considering fluctuations around the classical solution 
we demonstrate the existence of a nontrivial IR stable fixed point in three dimensions and 
reproduce the well known results for conformal dimensions of composite operators at this 
fixed point. 

One finite effect which is not discussed in this paper in detail is the emergence of 
an exclusion principle. Consider the problem on a finite lattice with M sites in each of 
the d directions. Then the functional integral over 0* is a multiple integral over NM'^ 
variables. However the functional integral over the collective field a{x,y) is a multiple 
integral over M^^ variables. Thus if A < M'^ there are too many degrees of freedom 
in the collective field. This would lead to rather nontrivial constraints on a. In terms 
of fourier modes of a this means that all these modes are not independent. Roughly 
speaking, for each component of the momenta, one may regard the first A^/'^ values to be 
independent, while the remaining modes are related to these by nontrivial relations. For 
the bulk theory this is a kind of exclusion principle which has appeared in the context of 
AdS /C FT correspondence and which arises because of the same reason [ pT| . 

One of our main results relates to the thermodynamics of the model. From the point of 
view of the critical vector model defined in d euclidean dimensions, the finite temperature 
properties are those appropriate to d dimensions. Furthermore, one would expect that the 



leading free energy and the entropy are both proportional to A^. This, however, appears 
quite mysterious from the point of view of a (i + 1 dimensional theory where appears 
as a coupling constant, so that the natural expectation is that in a expansion the 
leading entropy comes from the free theory and hence of We show that the leading 

thermodynamic behavior is a classical contribution in the collective field theory coming 
from the presence of a nontrivial classical solution. Perhaps more significantly, there is a 
partial cancellation between the contribution obtained by integrating out fiuctuations 
and a term present in the classical action. In particular, for the gaussian fixed point 
this cancellation is complete and ensures that the entire answer is 0{N) as expected. We 
speculate that this result is indicative of the presence of black holes in the bulk theory. The 
fact that the thermodynamics is reproduced correctly is an indication that these models, 
like string theory examples, have the right ingredients to provide a holographic description 
of theories containing gravity. Unlike string theory examples, however, we have an explicit 
construction of the higher dimensional theory in terms of the fields of the lower dimensional 
theory. The hope is that this will facilitate a better understanding of holography. 

This explicit construction in fact shows a special feature of the bulk theory. We 
show that the interactions of the collective field theory have a coupling constant with 
no other free parameter. On the other hand the bulk theory has a priori two dimensional 
parameters, the Newton constant G and the AdS scale R. The collective field theory seems 
to indicate, however, that the bulk theory must be characterized by only the dimensionless 
combination This should be exactly Indeed, this is exactly what is required in 
d = 3 from ( |1.3D . This is related to the fact that the conformal field theory of the vector 
model lives at fixed points rather than on fixed lines there is no free coupling constant 
which would be the analog of the gauge coupling constant for string theory on AdS 5 x S^. 
In this sense this is similar to M-theory examples of holography. 

The euclidean collective field however, contain more than propagating degrees of free- 
dom. This is related to the fact that the collective field is made out of currents of the 
vector model which are conserved. Thus all the normal modes of the current do not create 
independent and orthogonal states. This feature is in fact well known in the AdS /C FT 
correspondence. For example the operator in the dual theory which represents the bulk 
graviton is the energy momentum tensor which seems to have more components than the 
graviton. However the energy momentum tensor is conserved, which reduces the number 
of independent modes to the correct value. 



To formulate the theory in terms of the physical propagating degrees of freedom 
it is more useful to consider a hamiltonian formulation of collective field theory where 
the dynamical variables are where x and y denote points in space and t is the 

time. These have canonical conjugate momenta n(x, y, t) and one can derive a hamiltonian 
which reproduces the correlators of such singlet operators. However, like other examples 
of hamiltonian collective fields (notably the c = 1 matrix model), it is difficult to describe 
nontrivial backgrounds and to describe the finite temperature thermodynamics fully. 

In section 2 we derive the euclidean collective field action for any dimension after a 
careful derivation of the jacobian, discuss the saddle point solution at large A^, the action for 
quadratic fluctuations and the 0(1) partition function, the nature of interactions and the 
appearance of the nontrivial fixed point in d = 3. In section 3 we discuss the implications 
of our results for the holographic correspondence : the finite temperature thermodynamics, 
the identification of dilatation, rotation and translation isometries of the bulk, the nature 
of interactions in the bulk theory and the question of physical propagating modes and 
its relationship to hamiltonian collective field theory. Section 4 contains conclusions and 
comments. 



2. Euclidean Collective Field Theory : Saddle point solution and fluctuations 

We start with the following action in d euclidean dimensions 

S[4 = J d'xm) ■ {d$) + ■ <?+ ^{$- <?)'] (2.1) 

The collective field is defined as in ( |1.5| ). The collective field action S[a] is then defined 
via the relation 

'v^ix) e-^I'^l = / Va{x,y) e'^^^^'^^y'^^ (2.2) 



2.1. Derivation of the action 

The action S has a piece Sq which comes from rewriting ( p.l| ) in terms of a and a 
second piece coming from the Jacobian J in the change of variables in the path integral 
measure. 

5 = 5o - log J (2.3) 



Sq may be written down easily from (|2.1| ) 

So = N J d'^x{-[Vla{x, y)]s=^ + mV(x, x) + ■^(a(x, x)f} (2.4) 



To treat singular terms which appear in J we wiU work on a square lattice with M 
points in each direction. The fields (j) will be also rescaled appropriately to make them 
dimensionless, so that the lattice spacing disappears from the expressions. At the end of 
the calculation one may of course restore the lattice spacing and take the continuum and 
thermodynamic limit. A point on the lattice will be denoted by an integer- valued vector 
fh. The Jacobian can be then determined by comparing Dyson Schwinger equations for 
invariant correlators obtained from the ensembles on the two sides of ( |2.2|) ||2C1|| , ||2^ . 
First consider the identity 

for some arbitrary functional F[a\ of the bilocal collective field. This leads to the equation 

< NS^^rn' F[a] > + < 0^(m')^-^ > - < <t^\rh')-^ F[a] >= (2.6) 

where the averages are evlauated with the action S'[^]. Using 

5 _ sr^ 5a{mi,m2) S \r ^ ^ 1 (2 7) 

( PTB| ) becomes 

SF S S 

iV^^.m' < > +2^(j(mi,m )[- 



5cr(mi,m) 5a(mi,m) 

mi 

Next consider a change of variables to the collective fields cr(m, m') and consider the 
identity 

^ I ^a(mlm) ^^^^^- ^'^ '^^''^ ^^^^ '"''^ = ° ^^"^^ 

mi ' 

where J[a] is the jacobian which we want to determine. The averages <^ • ^ are defined 

in the ensemble with the action S and measure [Per] J [a]. Note that for any observable A 
one has the identity 

<A>=<JA> (2.10) 

Then ( p!9|) becomes 

da[mi,m) '—^ da[mi,m) 

mi mi 

< a(mi,m ) F —— — — >= 
da{mi,m) 

mi 

(2.11) 



Since F is arbitrary, comparing ( |2.11| ) with ( |2.8|) one gets an equation for J 

Va(mi,mO //!^ = ^(iV - 2M'^)5^,^, (2.12) 
^ da(mi,m] 2 

rni 

which may be solved by 

log J=-{N- 2M^) Trlog a (2.13) 
2 

upto a constant. Here the trace is taken over the indices m. The final expression ( |2.13| ) 
can be of course written in continuum notation, in which the role of the factor M*^ is given 
by y 5*^(0) where V is the volume of the d dimensional space. 

2.2. The saddle point solution 



Since both terms in (|2.3| ) have pieces proportional to A^, the functional integral may be 
performed by a saddle point method at ^ oo. It is conveninent to work in momentum 
space by defining fourier components for any bilocal field A(mi, m2) by 

A{mi,m2) = Mni,n2) e^^^'-'^^+'^^-'^^^ (2.14) 



ni,n2 



Then the action S becomes 

S = NM'^[J2{pl + ml)a{n,-n) + ^ ^ a(ni, ^2)^(^3, -(ni + ^2 + ^3))] 

fi ni,n2,nz (2.15) 

- -{N -2M'^) Trlog a 

where mo and Aq are the dimensionless mass and coupling constant respectively (with 
appropriate powers of the cutoff multiplying the dimensional quantities m and A) and 

r) O ^ I — * I / \ 

p„=4sin — n = \n\ (2-16) 
The saddle point is translationally invariant so that 

cr{ni,n2) = i{ni)5fii-fi^ (2.17) 
With this ansatz, the term in the action becomes 

5 = Ar[M^^(p2+^2)^(^) + M'^:^X]^(n)e(n')-^X]log ^(n)] + 0(l/iV) (2.18) 

n rin' n 



so that the saddle point becomes 

^^^^ ^ 2M^ pl + ml + Xos ^^-^^^ 

where 

s = Y,Cin) (2.20) 

Equation ( |2.2C1| ) is of course the lowest order (in propagator < (j){x) ■ (j){y) > in 

momentum space. The gap s is then determined by a gap equation 

1 . 1 

^ " 2Md^ pI + ml + Xqs ^^'^^^ 

In the continuum limit the equation (|2.21|) reads 



1 f d'^p 1 



2 J {2ny p"^ + m'^ + \s 
The saddle point value of the action is then given by 



(2.22) 



'^0 = y E (Pn + ml + Xos)- M'^Xos^] (2.23) 

n 

upto an unimportant constant. 

The theory is on the critical surface when the renormalized mass vanishes. In this 
critical theory, one has 

Up) = ^ (2.24) 

For any dimension d the point Aq = is of course a fixed point. For d = 3 this gaussian 
fixed point is unstable and there is an IR stable fixed point at a finite value of Aq, as will 
be explained in a following section. 



2. 3. Leading correction and propagator 



The "classical" action S evaluated at the saddle point already has a 0(1) piece which 
is given by 

= log (Pn + < + Aos) (2.25) 



As we will see below, the extra power of the number of lattice points M'^ in ( p.25|) is 
significant, as is its sign. Other contributions to this order are obtained by expanding the 
collective field as 

a(ni, 7X2) = ao(^i, ^2) + -j=fj{ni, 712) (2.26) 

V N 

Then the quadratic action for fj is 



2 



+ j ^(-^1)^ ^{n2)r}{ni,n2)r}{-n2,-ni) 



4 ^ 

ni,n2 

The continuum expression for the quadratic action is 

^drr. jd 



= 4 y { J2^d^' Hpi +P2 +PS+P.) 

+ S^'^\p3 + P2)S^'^Hp4 + Pi)(ro\pi)(ro\p2) } f}{pi,P2) V{P3,P4) 



where 



2 Xap (pi ) ctq (P2 ) ^0 (P3 ) ^0 {P4 ) 
l + 2A/^ao(-/c)ao(/c-pi -pa) 



^2.27) 



(2.28) 



ao(p1=M'^^(n) (2.29) 



From ( |2.28| ) one can calculate the two point function of the fluctuations 

< fi{Pl^P2)fi{p3,P4) >= 5'^{pi + P4)S'^{p2 + P3)cro{pi)(JQ{p2) - G{pi, P2, P3, P4) (2.30) 

where 

^(^1,^2,^3,^4) = , , rrT'ddV^^'r^'v^/V""'"^^' — ^ s'^ipi+P2 +p3+p4) (2.31) 



2.4- 0{1) Partition function 

As advertised in the introduction, there is an interesting cancellation between con- 
tributions coming from the 0(1) terms in the "classical" action and those coming from 
integrating out the fluctuations. 

Consider for example the free theory at Aq = 0. Then from the formulation in terms 
of the fields (p the partition function may be exactly evaluated 

log Z = ^[^log(p2+m^)] (2.32) 

n 



Clearly this exact answer is reproduced by the 0{N) classical value of the collective field 
action in ( |2.23| ). Therefore the 0(1) contributions from (|2.25| ) should cancel whatever one 
gets by integrating out the fiuctuations ?). This is straightforward to check. The 0(1) 
contribution to the effective action coming from the fluctuations is given by (for Aq = 0) 

Si'^ = ^ E =M'^Y. P'n (2-33) 



2 



Adding the contribution s[^^ from (|2.25|) (with mo = Aq = ) we see that the total 0(1) 



contribution to the partition function is 

(log Z)^ = -{S[''> + S['^) = (2.34) 

as expected. From the collective field theory point of view, at any stage of the (1/A^) 
expansion, there are two contributions, one from the "classical" action and one from the 
fluctuations. For the free theory these should cancel precisely. 

For Ao 7^ the situation is more complicated. Here there are nonzero subleading terms 
in the partition function. Now contributions from the classical action partially cancel those 
coming from the fluctuations. Signiflcantly, in the continuum limit the ultraviolet divergent 
terms cancel at the level of leading correction - this is evident from the fact that at 
this level the effect of a nonzero Aq is to simply change the mass gap, and this does not 
affect the ultraviolet behavior. These cancellations have important consequences for a 
holographic interpretation. 

2. 5. Nature of interactions 

The cubic and higher order interactions in the collective fleld theory come entirely 
from the Jacobian factor. On the flnite lattice this has the structure 

(N - 2M'^)IY[log ao-J2 i]^(^o"'^)'] (2-35) 

k=2 

In each order of there are generically two terms which come from the two terms in the 
overall coefficient. 

The interactions have an interesting scale invariant form in the critical theory. In this 
case the classical value of the collective field ctq is simply the massless propagator and it is 
straightforward to see that the term which contains k factors of the fluctuation ry has the 
following form in the continuum and thermodynamic limits 

Y[id'^Xi)[dx^d^2V{xi, X2)d^^d^^r]{x2, xs) ■ ■ ■ d^^d^^r]{xk,xi)] (2.36) 
i=i 

It is interesting to note that the cubic and higher order interactions do not depend on A. 
The coupling constant of the collective fleld theory is as expected. 



2. 6. Fixed points for (i = 3 

For the special case of (i = 3 there is a nontrivial fixed point away from A = 0. This 
may be seen in the coUective theory in the foUowing way. 

To arrive at the IR fixed point one has to first put the theory on the critical surface 
by tuning the renormalized mass to zero. In this case the saddle point value of the bilocal 
field is, in momentum space 



ao{p) = ^ (2.37) 



1 

The momentum space propagator for the bilocal field fluctuation now reads 

1 

2A 5'^{Pi+P2+P3+P4: 



< ViPl^P2)viP3,P4) >= -^r^[S'^{pi +P4)S'^{P2+P3) 



(2.38) 



pIpI 1 + 2A / (^p^+p^_ky2k-^ 



It is clear from the form of the classical solution that there is no anomalous dimension 
for the fundamental field (p'^, whereas the expression ( ^.38| ) shows that there would be 
anomalous dimensions for composite operators in general. The first term in ( |2.38|) is the 
contribution of free field theory. Thus the second term may be used to define a dimensional 
running coupling constant 

"(P) = ^, (2.39) 



The basic integral is given by 



So that 



Clearly in the infrared 



a{p) = —V (2-41) 

^ + 4|p| 



Limp^oa(p) = 4|p| (2.42) 



the running coupling becomes independent of the original bare coupling of the theory. 
The dimensionless running coupling a{p)/p approaches a constant nemerical value, 4. 
Alternatively one may define a dimensionless renormalized coupling at some scale g{iJ.) 
by the relation 



where A denotes the momentum space cutoff of the bare theory and Aq the bare dimen- 
sionless couphng. Then as one approaches the continuum hmit A ^ oo the renormahzed 
couphng g tends to a fixed value 4 independently of Aq. Thus (7 = 4 is an infrared fixed 
point. The full beta function, at leading order of large-N expansion can be read off from 

m = = -^^(1 - la) (2-44) 

The scaling behavior of the correlators ( |2.38| ) at this IR fixed point may be read off by 
considering the continuum limit approached by starting with any arbitrary bare coupling 
Aq. Instead of considering the bilocal field by itself it is instructive to consider various 



moments which define local composite operators as in (|1.9|) . Consider the simplest such 
operator which is the scalar composite 

(t(x, x) = (j){x) ■ (j){x) (2.45) 

The foruier components of this composite may be expressed in terms of the fourier com- 
ponents a{p, q) as 

a{k) = J [d^xy'^-^a{x, x)= j -^^{k - q, q) (2.46) 

Thus the connected two point function of the composite operator is given by 

< CikMh) >= I -0^0^ < V{ki - q. q)v{k2 - q') > (2.47) 

where ({k) denotes the fiuctuation in a(/c). Using ( |2.38| ) and ( |2.41| ) this may be easily 
evaluated to yield 

8 fci' 



At the trivial fixed point one gets 



< CikMk,) >= (2.49) 

8|fci| 

which implies that the dimension of the operator a (x, x) is 1 . To see the behavior at the 
nontrivial fixed point one has to rewrite this expression in terms of the bare dimensionless 
coupling Ao and the momentum cutoff A and perform the continuum limit with nonzero 
Aq. This yields 

< akMk2) >= 5{k, + k2)[^-^ + 0(M)] (2.50) 

In the limit A — 00 the first term gives rise to a short distance contact term which has to 
be subtracted in the renormahzed theory. The nontrivial part scales as \ki\ which means 
that the dimension of the operator is 2 at the nontrivial fixed point. 



3. Holographic correspondence 

Our proposal is that the collective field theory described above provides a description 
of the singlet sector of the vector model in terms of a {d+ 1) dimensional theory of higher 
spins. The basic idea is to write the collective field as a function of the center of mass 
coordinates u and the relative coordinate v as in ( |1.6|) and (pT7|). One can then expand 
the field a as 



where we have written the d relative coordinates v in terms of its magntitude r and {d — 1) 
angles 9i ■ ■ ■ Od-i- Yir^{9i) denote the spherical harmonics on S'^~^. Since the original field 
a{x, y) is symmetric under interchange of x and y, it should be symmetric under v — —v. 
This means that only even (or zero ) values of / appear in the expansion Thus the 

collective field is equivalent to a collection of higher spin fields living in d + 1 dimensions 
spanned by (m, r) and there is exactly one field for each even spin. 

Note that if we had a U{N) rather than a 0{N) symmetry one would have odd spins 
as well. 

For d = 3 we thus have a four dimensional theory. When the vector model is at one of 
its fixed points, the theory is conformally invariant and has a symmetry group 5'0(4, 1). 
It is then natural to expect that the four dimensional theory is defined on ^^5*4 which has 
the same isometry. We will see later in what sense this is true. 

In the remaining part of this section we will discuss several issues which points towards 
an interpretation of the collective field theory for the fixed point models as a holographic 
theory defined on the boundary of AdS^. 

3.1. Finite temperature thermodynamics 

One of the crucial aspects of holography is that the high temperature thermodynam- 
ics of the bulk theory in [d -\- 1) dimensions is appropriate to a theory in d dimensions. 
Furthermore, the result involves which is the coupling constant of the bulk theory. This 
leading result cannot come from counting of the states of the bulk theory since appears 
in the latter only through the coupling constant and in a expansion one would expect a 
0(1) answer which reflects that the propagating modes live in (d+l) dimensions. In known 
examples of holography, however, a dependent answer characteristic of a (i dimensional 
theory comes from the fact that the bulk theory is typically a theory of gravity and its 




(3.1) 



high temperatrure properties are dominated by black holes whose entropies is proportional 
to their areas and whose thermodynamics is appropriate to that of theory in d dimensions. 
Furthermore the black hole entropy is a "classical" effect and goes as the inverse of the 
square of the coupling constant and therefore contains the right power of A^. 

In the previous section we have calculated the leading order and the (1/A^) corrections 
to the partition function of the collective field theory defined on a periodic lattice with M 
sites in each direction. We now use these results to discuss the finite temperature behavior. 
To do this all we have to do take M large but consider different lattice spacings in the 
"space" and the "euclidean time" directions. Finally we have to consider a continuum limit 
and a thermodynamic limit in which the physical extent of the euclidean time direction is 
a finite quantity /3 = 1/T while those in the space directions are L with jS. 

First consider the gaussian fixed point at A = in any number of dimensions. The 
finite temperature free energy may be read off from ( p.23| ) in a standard fashion. The 



expression ( p.23| ) has a leading divergent term which is extensive, proportional to L*^ ^ (3 



- the coefficient being the ground state energy density. The next subleading term, which 
we denote by 5', is proportional to L'^~^ and has the form 

S' = -NL^-^ j ^l^^log(l-e-^H) (3.2) 

This is then related to the thermodynamic free energy F by 

F = ^S' (3.3) 

It is clear that 

F ~ NL'^-^T'^ (3.4) 

which is nothing but the free energy of species of massless particles m. d — 1 space 
dimensions. In particular the entropy scales as 

S ~ NL'^-^T'^-^ (3.5) 

From the point of view of the vector model this result is of course obvious. However, 
from the point of view of the collective field theory this is a rather nontrivial result. As 
we saw, we can interpret this theory as a theory of higher spin fields in d + 1 dimensions. 
Naively one would expect that the thermodynamics would be the one appropriate to d, 
rather than {d — 1), space dimensions and should be of 0(1) as explained above. 



The point is that aU these expectations are based on the usual situation where the 
leading thermodynamic free energy comes from the "one loop" contribution. In the present 
context this is the leading correction, which actually gives a contribution to the free 
energy. What we saw above, however, is that there is a classical contribution to the free 
energy which is proportional to which leads not only to a nontrivial internal energy, hut 
a nontrivial entropy proportional to N. In fact there are no jj corrections to this result 
for the A = theory due to the complete cancellation discussed above. For A 7^ the 
cancellation is not complete and there are finite 0{1) corrections. However the divergent 
terms which contributes to the vacuum energy cancels. The finite tempertaure behavior of 
the interacting 0{N) model was discussed long time ago in and more recently in |]25[] . 



The fact that the leading thermodynamics comes from the classical contribution to 
the action is reminiscent of the Gibbons-Hawking calculation of the entropy of a black hole. 
As will be seen below, the space-time interpretation of the four dimensional collective field 
theory does not appear to be straightforward and it is difficult to identify what kind of 
space-time configurations give rise to this classical contribution. Nevertheless our result 
strongly suggests that the four dimensional bulk theory of higher spin fields have black 
holes. 

3.2. Conformal transformations and AdS 

While the fields aim{u, r) do represent higher spin fields in ci + 1 dimensions, they are 
not the standard higher spin fields as discussed in [|4| , but related by some field redfinition. 
This may be seen from the fact that the quadratic action is not diagonal in the spins. A 
spin / field mixes with spins I ± 2. We do not know what is the exact field redefinition 
which relates these components to the standard fields of higher spin theories. 

An important indication of this fact comes from an examination of the transforma- 
tion properties of the collective field under conformal transformations on the boundary. 
Consider for example the theory at the gaussian fixed point. From the known conformal 
transformations it follows that the transformations of the bilocal field a{x,y) are given by 

ox^ ox^ oy^ oy^ 
6sa = {[2(e ■ x)x' - 1^1'^^^ + [2(e ■ y)y^ - IvM-^ + Ae ■ {x + y)}a 



Here A is the scaling dimension of a and a, t*, 6'^^ and are the parameters of dilatations, 
translations, rotations and special conformal transformations respectively. Rewriting these 
expressions in terms of u and v we get 

S^a=f^a (3.7) 
aw* 

5sa = {[2(e ■ - \u\^e' - r^e']—-+2{e ■ u)r— + 2A(e ■ u) + {e^u' - u^e')Lj,}a 

(J Hi C/ / 

(3.8) 

where 

d d 

L,^=v'—-v'— (3.9) 

To see the action on the individual components (w, r) one needs to substitute these 
expressions in the expansion ( |3.1| ). It is clear from the above expressions that the di- 
latations, translations and rotations acts on the components aimiu,r) diagonally, i.e. the 
action does not mix up various spins. The factor of Ljj in the transformation S^a mixes 
fields of different m for the same I exactly as rotation generators should. On the other 
hand, the last term in the special conformal transformation on a shows that this mixes up 
fields with different spin. 

In fact, if we define new component fields 

Xim{u, r) = r^+^aim{u, r) (3.10) 

the generators for dilatations, translations and rotations on xim are exactly the generators 
of the corresponding isometries on tensor fields of rank / defined on a AdS space, with the 
metric given in (|1.8| ), 

ds'^ = ^[dr'^ + du ■ du] (3.11) 

In particular this means that the magnitude of the relative coordinate behaves as a scale, 
as it should. 

For special conformal transformations, the story is different. Here all the terms in 
(p78|), except the last term are the correct expressions for generators of the corresponding 
isometries of the metric ( |3.11j ). The last term, however, clearly mixes different spins. 



The correct higher spin fields [0,[0,[16|,[r2|, however, transform homogeneously 
under the Killing isometries of AdS and do not mix up fields with different spin. This shows 
that the fields aim{u, r), while containing the complete physics of higher spin theories are 
not themselves the correct higher spin fields. 

In fact there are indications that the correct higher spin fields are related to the 
components aim{u,r) by nonlocal transformations. This may be seen from various points 
of view. The exercise we have done above is in fact an attempt to rewrite conformal 
transformations on a pair of vectors (x, y) as isometries in a AdS space by identifying the 
correct coordinates in the latter. It is straightforward to see that this works for dilatations, 
translations and rotations with the identification of u and r as the coordinates in AdS as 
in the metric ( |3.11j ). However this cannot work for the special conformal transformation. 
To see this consider the case of d = 1. In this case collective field should contain only one 
field in AdS since there is no spin in AdS2- The special conformal transformations are 
then 

8x = ex^ 5y = ey^ (3-12) 

which leads to 

5u = e{u^ + v'^) 5v = 2euv (3.13) 

This is to be compared with the corresponding Killing isometry of the metric (|3.11J ) for 
d = 1, viz. 

5'u = e{u^ - v^) 5v = 2euv (3.14) 

Another indication comes from the relationship of the components aim with the infinite 
set of conserved currents in the vector model (at A = 0) [^. These currents are 
symmetric and traceless and given by (in d = 3) 

J _^ {-ir{d,,---d,,<f>){d,,^,---d,J) 

- 2-. rik + mk + i)r(. - k + ms -k^\) '''''' ^^-''^ 

These currents are conserved 

^''J^,...^^ =0 (3.16) 

These currents can be expressed in terms of the collective field. Consider for example the 
first few currents. These may be expressed as follows 

Jo =a{u,v)v=o 

1 ■■ 1 1 ■■ (3-17) 



These currents transform homogeneously under conformal transformations. 

The coUective field expansion in ( |3.1| ) can be also reorganized in terms of derivatives of 
the form which appear in ( |3.17| ) , since spherical harmonics are in one-to-one correspondence 
with traceless symmetric tensors made out of products of f*. Thus we have expansions of 
the form 

a{u, v) =[a{u, 0) + \r^{^)^^, + 0{r^)] 

6 2 2 (3-18) 

where we have performed a Taylor expansion in f * and reorganized it in terms of traceless 
symmetric products of the unit vectors "0*. Thus the components ai^rn are given by 

1 d^d 

(700 ~ 0) + 77r2(-4).=o + 0{r^)] 

, 6 , (3.19) 

r/ , 1 ^,,,d^a. ^ , 2m 



Comparing (|3.19|) and ( |3.17|) it is clear that the fields aim (w, 0) do not reduce to the currents 



Ji^...i^. This is the basic reason why these components do not transform properly under 
special conformal transformations. 

It must be emphasized that the collective field theory contains all the information 
contained in the vector model singlet correlators and hence serves as a complete definition 
of the higher spin theory, including all interactions. However the relationship between the 
components of the collective field and the higher spin fields which propagate independently 
at = oo appears to be rather nontrivial. The key to uncover the precise relationship is 
conformal invariance. We hope to report results about this connection soon pT 



3.3. Interactions and the hulk theory 

As shown in the previous section, for the critical theory the interactions of the collec- 
tive field theory are characterized by a coupling constant which is and independent 
of the bare coupling Ao of the underlying vector model. We now make several comments 
about how this may come about in a bulk theory defined on AdS space. 

Since the bulk theory contains gravity, it is characterized by a Newton's gravitational 
constant G which has dimensions of {length^ in four dimensions. In flat space, the inter- 
action terms in the theory have coefficients which depend on the coupling constant \fG and 
the terms have a number of derivatives which make the action dimensionless. Typically, 



again for four dimensions, each VG is accompanied by a single derivative. In AdS space 
however there is another length scale, R where is the constant curvature. Consequently, 
instead of derivatives there could be inverse powers of R which account for the correct di- 
mensions. This is familiar in supergravity in e.g. AdS^ x S^. Here, there is a class of 
couplings which do not depend on G and R individually, but only on the dimensionless 
combination By virtue of the AdS / C FT correspondence one has ~ , where the 
four dimensional dual Super Yang Mills theory has a gauge group SU (N). Since the gauge 
theory coupling gvM: is related to the bulk parameters by the relation gyM = G^Ril-^ 
such bulk couplings are computed in terms of gauge theory three point functions which 
are completely independent of qym and only depends on A^. This is possible since one is 
computing three point functions of composite operators which have nonzero values in free 
field theory.Indeed in this particular case, the underlying supersymmetry ensures that the 
three point functions of a class of operators are given exactly by their free field values 



For the vector model, the conformal field theory is at a fixed point rather than on a 
line of fixed points, so that there is no analog of a gauge theory coupling constant. This is 
the reason why the couplings in the collective field theory are characterized only by and 
by no other parameter. The value of the bare coupling drops out since in the continuum 
limits one approaches the infrared fixed point. 

This fact therefore implies that if the dual theory is a higher spin theory in AdS, then 
all the couplings of that theory are characterized by the dimensionless combination 
This is a rather nontrivial prediction for the higher spin theory. 

3.4- Propagating modes and Hamiltonian Collective theory 

We have so far considered the euclidean version of the collective field theory as derived 



m 



20[| . For the three dimensional vector model this is a collection of higher spin fields 
in four dimensions - one field for each even spin. A component field aim{u,r) has 2/ + 1 
components. However, if all the four dimensional fields of the dual theory are massless - as 
conjectured - there are precisely two propagating polarizations for each spin, aim clearly 
contains too many independent propagating modes. 

The key reason behind this overcounting is the fact that the euclidean collective field 
is a way to organize an infinite set of higher spin currents in the boundary theory, as 
indicated above. These are symmetric and traceless in the three dimensional indices, with 
the spin-1 current containing / indices, leading to {21 + 1) components. However these 
currents are conserved in the A = theory, and conserved to leading order in in the 



interacting theory, so that there are 2(/ — 1) + 1 conditions relating the components. Thus 
the number of independent components is (2/ + 1) — (2(Z — 1) + 1) =2, which is the correct 
value for the number of propagating modes for each spin. This counting can be easily seen 
to work in any number of dimensions. 

The meaning of all this is that the euclidean collective field theory must have a gauge 
invariance which follows from the current conservation conditions in the vector model. 
We do not know how to display this symmetry, but we know it is there because of the 
one-to-one correspondence between the spin components of the collective field and the 
currents. 

This situation is not new and has been encountered before in other examples of the 
AdS/CFT correspondence. Consider the cases where the bulk theory on AdSa+i contains 
a massless graviton. This has propagating components. The operator which is 

dual to the graviton is the energy momentum tensor of the boundary theory which has 

2 



"^i^ ^ components because of the tracelessness. However the energy-momentum tensor 



2 I -J o , (d+l)(d-2) 



is conserved so that the number of independent polarizations is ^2~'^ — d — ^ 
In the coordinates of ( |3.11j ), the CFT is defined on the boundary at r = 0. The energy 
momentum tensor then computes correlators of the graviton field h^i, in a gauge where 
hrfj. = 0, but this gauge still retains some gauge symmetries. 

Our situation is rather similar. In fact, given the conserved currents in the vector 
model one may construct bulk fields using a bulk-to-boundary propagator. As shown in 



T7[] , the conservation of currents then lead to gauge conditions on the bulk fields. 

It is not surprising to find that the euclidean collective field contains redundant degrees 
of freedom. The collective field theory we have considered reproduces all singlet correlators 
of the theory. However among these correlators are those which receive contributions from 
non-singlet intermediate states. The simplest example is < a(x, y) > itself, which is the 
propagator of the elementary field 4>. On the other physical propagating states in the bulk 
must be singlet states. 

To look at the propagating modes it is instructive to consider the hamiltonian version 
of collective field theory 0], [^. In this formulation the collective fields are Schrodinger 
picture operators ^ipi^x^y) defined by 



and their canonically conjugate momenta Il(x, y). Here x, y denote the spatial (i.e. {d— 1) 
dimensional) components of the space time locations. These operators create all the singlet 
states of the theory, whose dynamics is governed by the collective field Hamiltonian. 

H = 2Tr{UijU) + V,oii (3.21) 

with 

Vcoii = ^ J rfx[-V2V^(x,y)U=^ + m2V^(5;,x) + ^(^(x,x))2] + iTV^-i (3.22) 

and 

being the canonically conjugate variable. In ( |3.21|) (|3.23| ) "0 should be regarded as a matrix 
in X, y and the trace refers to the trace of this matrix. 

One may expand the corresponding Heisenberg picture operator in a manner similar 
to the spherical harmonic exapnsion of the euclidean collective field 

'ijj{x,y;t) = '^ijimiu,r,t)Yim (3.24) 



where as usual 



u = -{x + y) V = -{x — y) r"^ = v ■ v (3.25) 
2 2 



In ( |3.24| ) Yim are spherical harmonics on a 5''^ ^ rather than on 5''^ ^ . Consequently the 



number of components of tpim for a given / is exactly the same as the number of propagating 
polarizations of a massless spin-/ field in d -\- 1 dimensions. For example for d = ?> for a 
given I we have precsiely two values of m, i.e. m = ±/ which count the two polarizations 
of massless four dimensional fields with any spin. This hamiltonian collective field theory 
therefore correctly counts the propagating modes of higher spin fields. 

The manner in which the action formulation reduces to the canonical , hamiltonian 
representation is interesting and rather nontrivial. The Langragian formulation was char- 
acterized by being bi-local in time as in space while the canonical, Hamiltonian formulation 
is local in time. The reduction from one to another 

a{x,t;xt') — >tlj{x,x;t) (3.26) 



involves a formal reduction in the number of degrees of freedom as we have seen. One has 
indications that this reduction can be understood in terms of a gauge principle in analogy 



with a connection between a covariant and canonical gauge description of gravity. We 
should also emphasize implications on thermodynamics contained in the two descriptions. 
By its nature the canonical description naturally leads to a thermodynamics with entropy 
of order one rather than of order and would seemingly miss one of the main ingredients 
of holography. (There is a vacuum energy of 0{N) but not an entropy). The reason behind 
this may be gleaned from an understanding of the free theory. Here the exact entropy is of 
order and clearly counts the number of states created by the elementary fields (p. In other 
words this leading classical contribution to the thermodynamics comes from the non-singlet 
states of the theory. Analogous states have an interpretation of winding modes in matrix 
theories and they are not contained in the hamiltonian collective theory. On the other 
hand as we have seen the euclidean collective field theory does capture the contribution 
from these non-singlet states. The importance of nonsinglet states for thermodynamics 



also makes its appearance in the d = 1 matrix model [|lT 



We therefore see that the nonsinglet states of the vector model correspond to non- 
propagating modes in the bulk. The thermodynamics in the bulk description comes from 
a classical contribution in the euclidean collective field theory and hence from these non- 
propagating modes. This is consistent with the conjecture that in this model, like in 
other string theory examples, the thermodynamics is dominated by black holes, which 
are of course examples of condensates of nonpropagating modes. The relationship between 
nonsinglet states, nonpropagating modes, black holes etc. has been a matter of considerable 
discussion in matrix models. For vector models, the availabilty of a tractable euclidean 
collective theory provides an opportunity to understand this important issue. 



4. Conclusions 

We have argued that the euclidean bilocal collective field is capable of describing a 
higher spin theory of a single field for each even spin in one higher dimension. However 
while the spherical harmonic decomposition of the bilocal field gives the correct count of 
the higher spins, these are not the standard higher spin fields. We suspect that there is a 
possibly nonlocal field redefinition between aim and the standard fields. 

We have also argued that the euclidean collective field contains more degrees of free- 
dom than the propagating modes. On the other hand the Hamiltonian collective theory 
precisely counts the propagating modes. The distinction is important, since as we have 
found, the leading thermodynamics in fact receives contributions from nonsinglet states. 



In the bulk description this means that nonpropagating backgrounds dominate the ther- 
modynamics (which is why the result is classical). One of course knows examples of this 
in string theory realizations of the AdS/CFT duality : here black holes provide the right 
thermodynamics. 

One of the most interesting aspects of the duality between vector models and higher 
spin theories is that one has a fully consistent quantum theory in four dimensions which 
contain gravity - and this is not a string theory. In string theory, however, higher spin 
fields are massive with the masses determined by the string length. Thus at distances 
much larger than the string length, string theory is essentially (super) -gravity. In this 
case, there is no analog of a string length. This means that there is no separation of the 
spin-2 field with all the other higher spin fields. In other words, considered as a theory of 
gravity there is no reason to expect that this theory has nice locality properties. 

Nevertheless, it is conceivable that due to unknown reasons there is a sense in which 
this theory may be considered as a theory of gravity i. This may happen as in AdS^ x 
- Yang Mills duality. Here at the AdS scale, the bulk theory cannot be a priori described 
in terms of a five dimensional theory of gravity, since the Kaluza-Klein modes from the 
have the same scale. However it turns out that one does much better than this naive 
expectation. For many purposes, the theory can indeed be regarded as five dimensional 
gravity even at the AdS scale. This is evidenced by the fact that the thermodynamics 
of the Yang- Mills theory is correctly reproduced by five dimensional A(i5'-Schwarzschild 
black holes. We have no idea whether a similar decoupling holds in this case. 

5. Acknowledgements 

S.R.D. would like to thank S. Kachru, I. Klebanov, S. Mathur, S. Minwalla, G. Murthy, 
A. Shapere, E. Silverstein, S. Shenker and L. Susskind for discussions. Some of the results 
were presented at "Workshop on String Theory" held at Harishchandra Research Insti- 
tute, Allahabad, December 12-21, 2002. S.R.D. would like to thank the organizers and 
participants of the workshop for providing a stimulating atmosphere. Thw work of S.R.D. 
was supported in part by the U.S. Department of Energy contract DE-FG01-00ER45832. 
A.J. was partially supported by the U.S. Department of Energy under contract DE-FG02- 
91ER4068. 



^ This possibility was suggested by Shiraz Minwalla 



References 



[1] 
[2] 
[3] 
[4] 

[5] 

[6] 
[7] 



[8] 
[9] 

[10] 



[11] 
[12] 

[13] 
[14] 



[15] 



[17] 
[18] 
[19] 
[20] 
[21] 

[22] 



G. 't Hooft, Nud. Phys. B72 (1974) 461. 

S.R. Das and A. Jevicki, Mod. Phys. Lett. A5 1060. 

A. Jevicki and B. Sakita, Nud. Phys. B 165 (1980) 511. 

See e.g. J. Polchinski, |liep-th/9411028| ; A. Jevicki, M. Li and T. Yoneya, Nud. Phys. 
B448 (1995) |liep-th/950"409l| 

G. 't Hooft, in ''Salamfesf (1993) 0284, |gr-qc 7931002^ ; L. Susskind, J. Math. Phys. 
36 (1995) 6377, |hep-th/9409089| 

J. Maldacena, Adv. Theo. Math. Phys. 2 (1998) 231, |liep-th/97lT200| 



S. Gubser, I. Klebanov and A. Polyakov, Phys. Lett. B428 (1998) 105, |hep-th/ 



98021091 ; E. Witten, Adv. Theo. Math. Phys. 2 (1998) 253, |hep-th/9802T5C . 
L. Susskind and E. Witten, |hep-th/9805114| 

G. Mandal, A. Sengupta and S.R. Wadia, Mod. Phys. Lett. A6 (1991) 1685.; E. Witten, 
Phys. Rev. D44 314 

S.R. Das, Mod. Phys. Lett. A8 (1993) 69; S.R. Das, Mod. Phys. Lett. AS (1993) 1331; 
A. Dhar, G. Mandal and S.R. Wadia, Mod. Phys. Lett. A7 (1992) 3703; A. Dhar, G. 
Mandal and S.R. Wadia, Mod. Phys. Lett. A8 (1993) 1701; A. Jevicki and T. Yoneya, 
Nud. Phys. B 411 (1994) 64. 



V. Kazakov, D. Kutasov and I. Rostov, Nud.Phys. B622 (2002) 141, piep-th/OlOlOll 
S. Alexandrov, V. Kazakov and I. Kostov, |iep-th/0302106| 

See e.g. S. Coleman "1/N" in Erice lectures, 1979 and references to the original liter- 
ature therein 

I. Klebanov and A.M. Polyakov, [liep-th/0210114 

C. Fronsdal, Phys. Rev. D18 (1978) 3624; E. Fradkin and M. Vasiliev, Phys. Lett. B 
189 (1987) 89; E. Fradkin and M. Vasiliev, Nud. Phys. B291 (1987) 141; M. Vasiliev, 
|hep-th/9910096| 

E. Sezgin and P. Sundell, [liep-th/0205132| ; J. Engquist, E. Sezgin and P. Sundell, 
[hep- th/ 02071011 ; M. Vasiliev, Int. J. Mod. Phys. D5 (1996) 763 



[16] P. Haggi-Mani and B. Sundborg, |hep-th/0002189|; B. Sundborg, [liep-th/0103247 



E. Witten, pittp : //theory . caltech. edu/| jhs60/witten/l .html; E. Sezgin and P. 



Sundell, |hep-th/0105001 



A. Mikhailov, |hep-th/0201019 



I. Klebanov and E. Witten, Nud. Phys. B556 (1999) 89, |hep-th/ 9905104 . 
J.Cornwan,R.Jackiw and E.Tombouhs, Phys. Rev. DIO (1974) 2428. 
A. Jevicki and B. Sakita, Nud.Phys. B185 (1981) 89. 

J. Maldacena and A. Strominger, JHEP 9812 (1998) 005, [hep-th/9804085| ; A. Jevicki 
and S. Ramgoolam, JHEP 9904 (1999) 032, |hep-th/9902059 
S.R. Wadia, Phys. Rev. D 24 (1981) 970 



[23] 
[24] 
[25] 
[26] 
[27] 
[28] 



R. de Mello Koch and J.P. Rodrigues, Phys.Rev. D54 (1996) 7794, [liep-th/9605079 
L. Dolan and R. Jackiw, Phys. Rev. D 9 3320 
S. Sachdev, Phys. Lett. B309 285. 



D. Anselmi, Class. Quant. Grav. 17 (2000) 1383, |hep-th/9906167 . 
S.R. Das and A. Jevicki, Work in progress 

D. Freedman, S. D. Mathur, A. Matusis and L. Rastelli, Nucl.Phys. B546 (1999) 96, 
|hep-th/980405^ ; H. Liu and A. Tseytlin, Nucl.Phys. B533 88, |hep-th/980408^ ; G. 
Chalmers, H. Nastase, K. Schalm, and R. Siebehnk, Nucl.Phys. B540 (1999) 247, ^ep^ 
th/9805105|; S. Lee, S. MinwaUa, M. Rangamani and N. Seiberg, Adv. Theor. Math. Phys. 



2 (1998) 697, |hep-th/ 9806074 



[29] A. Jevicki and J. Rodrigues, A^?/c/.P/i?/5.B230 (1984) 317. 



